Abstract Glutamine, glutamate, asparagine, and aspartate are involved in an enzyme-network that controls nitrogen metabolism. Branched-chain-amino-acid aminotransferase-1 (BCAT1) promotes proliferation of gliomas with wild-type IDH1 and is closely connected to the network. We hypothesized that metabolism of asparagine, glutamine, and branched-chain-amino-acids is associated with progression of malignant gliomas. Gene expression for asparagine synthetase (ASNS), glutaminase (GLS), and BCAT1 were analyzed in 164 gliomas from 156 patients [33-anaplastic gliomas (AG) and 131-glioblastomas (GBM), 64 of which were recurrent GBMs]. ASNS and GLS were twofold higher in GBMs versus AGs. BCAT1 was also higher in GBMs. ASNS expression was twofold higher in recurrent versus new GBMs. Five patients had serial samples: 4-showed higher ASNS and 3-higher GLS at recurrence. We analyzed grade and treatment in 4 groups: (1) low ASNS, GLS, and BCAT1 (n = 96); (2) low ASNS and GLS, but high BCAT1 (n = 26); (3) high ASNS or GLS, but low BCAT1 (n = 25); and (4) high ASNS or GLS and high BCAT1 (n = 17). Ninety-one % of patients (29/32) with grade-III lesions were in group 1. In contrast, 95 % of patients (62/65) in groups 2-4 had GBMs. Treatment was similar in 4 groups (radiotherapy-80 %; temozolomide-30 %; other chemotherapy-50 %). High expression of ASNS, GLS, and BCAT1 were each associated with poor survival in the entire group. The combination of lower ASNS, GLS, and BCAT1 levels correlated with better survival for newly diagnosed GBMs (66 patients; P = 0.0039). Only tumors with lower enzymes showed improved outcome with temozolomide. IDH1 WT gliomas had higher expression of these genes. Manipulation of amino acid metabolism in malignant gliomas may be further studied for therapeutics development.
Introduction
Strong metabolic support is required for proliferating cancer cells, which reprogram and upregulate their metabolism-a well established phenomenon for all malignancies, including high grade gliomas [1] . Augmented metabolic differences between gliomas and normal brain tissues can be detected with radiologic studies [2] . For example, increased uptake of radio-labeled amino acids may be useful for glioma diagnostics [3] , planning neurosurgery and radiotherapy, and for assessing treatment response [4] .
Currently, there is no clinical pharmacotherapy that targets amino acid metabolism in brain tumors. Nevertheless, some pre-clinical [5] [6] [7] and early phase clinical studies [8, 9] have demonstrated conceptual proof of this principle. Expanded understanding of the details of amino acid metabolism in gliomas may provide a basis for therapeutics development.
Branched chain aminotransferase (BCAT1) promotes proliferation of gliomas that express wild-type isocitrate dehydrogenase (IDH1 WT )-via amino acid catabolism [10] . BCAT1 catalyzes formation of glutamate from a-ketoglutarate (which is made from isocitrate in the Krebs cycle) (Fig. 1) . In turn, glutamate, glutamine, aspartate, and asparagine take part in a network that controls nitrogen metabolism, assimilation, and transport [11, 12] . Therefore, we hypothesized that ''hyper-metabolism'' of asparagine, glutamine, and branched chain amino acids (BCAAs) may correlate with clinical aggressiveness of gliomas, as measured by disease progression. Because isocitrate dehydrogenase (IDH) status varies in molecular subclasses of gliomas and glioblastomas [13] , it may also be reasonable to expect IDH status to be associated with different patterns of amino acid metabolism [7, 14] .
Genes encoding key enzymes for amino acid metabolism may be up-regulated in gliomas, either genetically or by epigenetic changes [15] . The current study focuses on analysis of selected genes from an existing microarray database of malignant gliomas. In particular, we focused on ASNS, GLS, and two isoenzymes of BCAT1, each of which has an established role in malignant growth. ASNS is a glutamine-dependent amidotransferase, in which one active site hydrolyzes glutamine to ammonium ion and glutamate, and a second active site incorporates ammonium into asparagine [16] . In this way, ASNS expression leads to de-novo asparagine biosynthesis and appears to be a component of solid tumor adaptation to nutrient deprivation and/or hypoxia [11, 17] . GLS catalyzes the release of the amide group of glutamine as free ammonium, thereby converting glutamine to glutamate, which contributes to nucleotide [12] and a-ketoglutarate [7] biosynthesis. For this reason, GLS inhibition has been proposed as a potential therapeutic strategy for some gliomas [7] . Similarly, BCAT1 has been shown to have a central role in glioma pathogenesis, making BCAA metabolism another potential target for glioblastoma therapeutics development [10] . Here, we show that these enzymes appear to be associated with clinical aggressiveness and recurrence of malignant gliomas, as well as with progression of newly diagnosed GBMs. In addition, IDH1
WT gliomas have higher expression of all of these genes.
Materials and methods
Probesetanalyzer database, microarray data, and clinical data collection A database of 164 malignant gliomas from 156 adult patients diagnosed between 1980 and 2004 was used for this study. Gene expression information for selected amino acid-metabolizing enzymes was extracted and analyzed in relation to tumor grade, treatment, and outcome. Data on histopathology, age, sex, survival, and progression time from diagnosis were collected for all 156 patients. A subset of these patients has been reported previously [18] , and additional information and publications are available in multi-institutional probesetanalyzer.com website [19] .
Microarray data [CEL files (Affymetrix, Santa Clara, CA)] were available from the probesetanalyzer.com This study focuses on three enzymes that we believe could be central in an amino-acid metabolic network, as depicted in Fig. 1 . In addition, mitochondrial BCAT2 and glutamine synthetase expression levels were screened, but these showed no significant correlation with disease aggressiveness (Supplementary material, Fig. S1 ). BCAT1 had two isoenzymes (or probes), which showed similar trends and are represented here as BCAT1-U and BCAT1-C (unique and common, respectively). GLS had 5 probes, which also showed similar trends on initial screening. The GLS probe with high signal was used as the representative probe for the final analysis.
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Statistical methods
Two-tailed student t-tests were used for comparing effects of gene expression levels between different subgroups. Kaplan-Meier survival curves were generated for survival analysis. Overall survival (time to survival) and progression-free survival (time to progression) durations were calculated from the date of diagnostic sampling surgery to the date when the patient expired or had a documented recurrence, respectively. Patients who were alive or progression free at the time of this analysis (June 2014) were counted as censored. Log-rank P values less than 0.05 were considered statistically significant.
First, we determined conditional cut-off values for high versus low gene expression for dichotomization, based on their most substantial effect on clinical outcome as a single variable (Supplementary material, Table S1 ). Further, we analyzed grade and treatment in 4 groups for all samples and patients:
(1) Low ASNS, GLS, and BCAT1: 96 samples from 91 patients (2) Low ASNS and GLS, but high BCAT1 (one or two isoenzymes): 26 samples from 24 patients (3) High ASNS and/or GLS, but low BCAT1: 25 samples from 24 patients (4) High ASNS or GLS, and high BCAT1: 17 samples from 17 patients.
Thorough survival analyses in relation to ASNS, GLS, and BCAT1 expression levels within a more homogeneous sub-group-66 newly diagnosed GBMs-were also carried out. Specifically, we compared two subgroups of newly diagnosed GBM cases that showed low gene expression for all three enzymes (n = 36, as in group 1 described above) versus high gene expression for one or more enzymes (n = 30, from groups 2, 3 and 4).
To evaluate effects of TMZ treatment, we further classified the 66 newly diagnosed GBMS patients into four groups: High Enzymes ? no TMZ, High Enzymes ? TMZ, Low Enzymes ? no TMZ and Low Enzymes ? TMZ. Progression-free survival and overall survival were compared by use of the log-rank test for equality across strata. The test statistic was compared with a v 2 distribution with 3 degrees of freedom.
Multivariate survival analysis was then carried out to evaluate the potential effect of treatment, age, and sex on the difference of survival probability between the low and high gene expression groups.
IDH data
IDH data was obtained for a subset of the samples based on availability. IDH mutations were determined as part of a separate project, as described elsewhere [20, 21] . Briefly, for IDH1 and IDH2 sequencing, genomic DNA was isolated from formalin-fixed paraffin-embedded or frozen tissue using the Recoverall Total Nucleic Acid Isolation Kit (Invitrogen, Grand Island, NY). Sequences of IDH1 at residue 132 (R132 for wild type, CGT) and IDH2 at residue 172 (R172 for wild type, AGG) were determined by Sanger sequencing with the following primers: IDH1 (forward, 5 0 -gcgtcaaatgtgccactatc-3 0 and reverse, 5 0 -gcaaaatcacattattgccaac-3 0 ) and IDH2 (forward, 5 0 -CTCACAGAGTTCAAGC TGAAG-3 0 and reverse, 5 0 -CTGTGGCCTTGTACTGCA GAG-3 0 ). Purified PCR products were sequenced using BigDye Terminator v1.1 and analyzed on a 3730 sequencer (both Applied Biosystems). For some samples sequences around codon 140 of IDH2 were also obtained (R140 for wild type, CGG).
Results
Patient characteristics and samples
There were 131 glioblastoma (GBM; 64 recurrent), 11 anaplastic astrocytoma (AA), 11 anaplastic mixed glioma (AMG), and 11 anaplastic oligodendroglioma (AO) samples obtained for gene expression assays (Table 1) . For the analyses below, the last three groups (AA, AMG, and AO) are combined into one category, called anaplastic gliomas (AGs, all grade III; n = 33), due to the small sample sizes. Samples were collected from 156 patients (70 female, 86 male). The average age at diagnosis was 48 ± 16 (SDEV). Eight patients had 2 samples each, and the remaining 148 patients had a single sample. Table 1 summarizes patient characteristics, samples, and overall treatment.
Mean ± SDEV, maximum, minimum, and cut-off values for low versus high ASNS, GLS, BCAT1U, and BCAT1C expression levels are shown in Supplementary material, Table S1 . Significant Pearson correlation coefficients (shown in Supplementary material, Table S2 and adjunct scattered plot matrix) demonstrated strong correlations among all 4 genes (P \ 0.0001 for all pairs except ASNS versus BCAT1C, for which P = 0.0091).
Higher expression of ASNS, GLS, and BCAT1 in GBMs
Values for asparagine synthetase (ASNS) and glutaminase (GLS) expression were approximately twofold higher in GBMs versus AGs samples (mean ± SEM, 693 ± 61 versus 333 ± 35, P = 0.0001 for ASNS; 123 ± 9 versus 64 ± 4.4, P \ 0.0001 for GLS; Fig. 2a ). ASNS expression was also twice as high in recurrent versus newly diagnosed GBMs (927 ± 112 versus 468 ± 37, P = 0.0002; Fig. 2a ). In addition, GBM samples obtained in the first recurrence (n = 25) showed a trend for lower ASNS expression, compared to tumors sampled from second (or later) GBM recurrences (656 versus 1103, P = 0.05). Expression levels of two isoenzymes of cytosolic BCAT1 (unique and common, but not mitochondrial BCAT2) were also higher in GBMs versus AGs (for BCAT1-U, 107 ± 19 versus 20 ± 2; for BCAT1-C, 131 ± 8.8 versus 88 ± 5.3; P = 0.0001 for both comparisons; Fig. 2a ).
Patients with duplicate samples
Among 8 patients with 2 samples, 3 had samples from the same surgery (1 AMG and 2 GBMs). The other 5 patients had samples obtained from different surgeries. Four pairs demonstrated a several fold increase of ASNS and BCAT1-U, and 3 pairs showed increased GLS expression with disease progression (Fig. 2b ; Supplementary material, Table S3 ). Four out of the 5 patients with repeat sampling had GBMs found at both surgeries. The other patient originally had an anaplastic oligodendroglioma that was upgraded to a GBM on repeat surgery, after a recurrence. The recurrent tumor demonstrated up-regulation of all 3 genes.
Average gene expression levels were calculated for all paired samples. The averages for these 8 patients were used for sub-grouping the tumors according to low versus high gene expression.
Subgroups according to ASNS, GLS, and BCAT1 gene expression
The majority of patients in groups 2, 3, and 4 (62/ 65 = 95 %) had tumors that were grade IV (GBM). On the other hand, most of the patients with grade III lesions (AGs) had tumors in group 1 (29/32 = 91 %). Overall, 80 % of patients received radiotherapy, 30 % were treated with temozolomide, and 50 % had other chemotherapy. Distributions of the different combinations were comparable among the 4 groups (Tables 2 and 3 ). All 20 patients who were alive during this analysis (June 2014), were in group 1. Six had grade IV, and 14 had grade III tumors (3 AOs, 6 AMGs, and 5 AAs). In these 20 survivors, there were 9 tumors with an IDH1 mutation. (Among the other 11 tumors, 6 had wild type IDH1, and 5 had unknown IDH status.) IDH2 status was checked in 3 of these 20 tumors. One had an IDH2 mutation (and wild type IDH1), and another had mutated IDH1 (and wild type IDH2). A third tumor was wild type for both IHD1 and IDH2.
Survival
The median time to survival among newly diagnosed GBM patients was 1.05 years (25th percentile, 0.72 years; 75th percentile, 2.09 years). Five patients were censored. The median progression time was 0.52 years (25th percentile, 0.26 years; 75th percentile, 0.86 years). All of the patients See ''Materials and methods'' section for definitions of the 4 groups. Group 1 consists of tumors with low expression of ASNS, GLA, and BCAT1. Groups 2, 3, and 4 consist of tumors with high expression of at least one of these genes a Numbers in parentheses are the numbers of patients in the indicated group with 2 samples received radiation and were deceased by 3.2 years after diagnosis.
Poorer survival with higher ASNS, GLS, and BCAT1 gene expression
Higher ASNS, GLS, and BCAT1 expression levels were each associated with poorer survival in all 156 patients (Supplementary material, Table S1 ). Thorough survival analyses based on ASNS, GLS, and BCAT1 levels within a more homogeneous sub-group of newly diagnosed GBMs were also carried out (n = 66). Tumors that had the combination of low ASNS, GLS, and BCAT1 levels were associated with better overall survival (log-rank P = 0.0039) and progression-free survival (log-rank P = 0.043), compared to tumors with high expression of one (or more) of the enzymes (Fig. 3a, b) .
Treatment
Patients received standard of care therapies, although variable. Administered therapies included radiotherapy, ''upfront temozolomide'' (TMZ, started soon after surgery and pathological confirmation of diagnosis), different adjuvant chemotherapy, or various combinations of these modalities. Such variability was considered to potentially affect survival outcomes in subgroups. Therefore, we compared therapies used, in relation to enzyme expression levels (Tables 2 and 3 ). Proportions of various combinations of therapies were comparable among the groups. For example, in both low and high enzyme expression groups, 53 % of patients received XRT ? adjuvant chemotherapy, with or without upfront TMZ. Proportions of patients without XRT ? chemotherapy, or only one or the other, were also comparable. However, 46 % of patients received all 3 in the high group, versus only 30 % in the low group. In summary, the high enzyme expression group patients received at least similar-if not more therapy, supporting a conclusion that poorer survival is unlikely to be due to delivery of less therapy. The most dramatic therapeutic variable affecting outcome was administration of upfront temozolomide (TMZ). Only patients with low enzyme expression appear to statistically benefit from upfront TMZ administration (Fig. 3c,  d, Supplementary material, Fig. S2) .
A higher proportion of patients with newly diagnosed GBM with high enzyme expression were treated with upfront TMZ, compared to the proportion for newly diagnosed GBM with low enzyme expression (47 vs. 36 %). out of 30 (57 %) with high enzymes were diagnosed and treated after 2000-with more frequent upfront TMZcompared to 14 out of 36 (39 %) with low enzymes. These percentages support an interpretation that worse survival in the high enzyme expression group is not due to differences in treatment over time, such as use of upfront TMZ.
Multivariate analysis
Multivariate survival analysis was used to compare the low versus high gene expression groups in relation to treatment, age, and sex. Results suggested that younger age-at-diagnosis and upfront TMZ treatment both significantly correlated with better overall survival (P \ 0.0001 and P = 0.03, respectively). Only age-at-diagnosis significantly affected time to progression (P = 0.0016). However, age was not significantly different between low versus high gene expression groups (Table 3) . Even after adjusting for all potential confounders, we found a significant difference in time to survival between low versus high gene expression groups (Hazard ratio = 1.896, P = 0.017). Sex did not affect outcome.
IDH Status, amino acid metabolizing genes and survival IDH status was analyzed in 85 patient samples (out of 156) based on availability. Thirty-one had IDH mutations. Only 1 specimen contained an IDH2 mutation, whereas 30 had an IDH1 mutation. Nine out of 31 specimens with an IDH mutation had GBM, compared to 51 out of 54 for IDH1 WT . Twenty-four had wild type IDH1 and IDH2. An additional 30 patients had IDH1 data only (showing IDH1 WT , with unknown IDH2 status). Expression levels of ASNS, GLS and BCAT1 were averaged in these 3 groups, and were found to be lower in IDH mutated samples compared to IDH1
WT and/or IDH2 WT (Table 4) . IDH was tested in 25 AGs (out of 33), and 22 had an IDH-1 mutation. Thirtynine out of 66 primary GBMs had IDH testing done, and there were only 4 with an IDH mutation. For the 35 patients with a new GBM and wild type IDH, there was superior survival with low enzyme expression versus high (Supplementary material, Fig. S2 ). Survival curves for these 35 patients resembled curves seen for all 66 new GBM patients (including 27 with unknown IDH status; Fig. 3a) .
Oncogenes, tumor suppressors, MGMT status, and amino acid metabolism Expression of relevant oncogenes and tumor suppressors that are central in defining GBM subtypes (i.e., EGFR, PDGFR, p53, NF1 and Rb) were also compared in low versus high AA-metabolizing enzyme expressing glioblastoma samples. Although expression of both oncogenes and tumor suppressor genes were slightly higher in high enzyme tumors (Supplementary material, Fig. S3F) , none of these genes played a role in outcome of patients, as a single variable (Supplementary material, Figs. S3A-E) in the dataset of newly diagnosed GBMs.
Data on methylguanine methyltransferase (MGMT) methylation status were available for a subset of the samples (n = 35, only 18 with glioblastoma). Overall, methylated MGMT status was associated with IDH1 mutation and low AA-enzyme expression, all of which are interrelated and predict better overall survival (Supplementary material, Table S4 ). In contrast, unmethylated MGMT (predominantly wild type IDH) is associated with higher AA-enzymes and worse patient survival. Remarkably, even within a subgroup of newly diagnosed IDH WT GBMs-all unmethylated and treated with upfront temozolomide-the effect of high versus low AA-metabolizing enzymes on overall survival remained persistently significant (P = 0.037 by the Gehan-Breslow-Wilcoxon test, Supplementary material, Fig. S4 ).
Discussion
Glioblastoma continues to result in very poor outcomes [22] , although considerable efforts have been invested in non-surgical strategies, such as DNA damaging agents [23] , anti-angiogenesis, signaling inhibition [24] , and immunotherapy research [25] . Cancers can be partly viewed as metabolic diseases, and brain cancer is not an exception to this concept [26] . For example, targeting mitochondrial metabolism in cancer is an emerging therapeutic strategy [27] , and manipulation of amino acid metabolism is a standard of care for some hematological cancers [28] . Greater knowledge of amino acid metabolism in gliomas may make these tumors another target for such treatment.
Our study demonstrates a potential link between production of selected amino acid metabolizing enzymes and clinical outcome. First, we have shown that GBMs had higher expression of ASNS, GLS, and BCAT1, compared to AGs. Second, progressive disease necessitating repeat surgery often demonstrated increased gene expression in the small number of paired samples available. Further, recurrent GBMs had even higher ASNS expression. And finally, newly diagnosed GBMs showed poorer survival, if any of these 3 genes had increased expression. These findings collectively point to a link between augmented metabolism of certain amino acids and clinico-pathological aggressiveness of malignant gliomas.
Limitations of our retrospective study include the small number of paired samples and analysis of selected genes. In addition, the patient population is heterogeneous, due to inclusion of newly diagnosed and recurrent tumors, as well as differences in the therapy. Specially, older samples were collected before chemo-radiation with temozolomide became the standard of care. Nevertheless, the results lay a platform for further analysis of larger GBM gene expression databases, such as TCGA [29] .
Strong statistical correlation among the investigated genes supports an interpretation of a tightly inter-connected amino acid metabolic network (composed of at least the 3 enzymes investigated here). Variation in gene expression for the enzymes in this network appears capable of affecting clinical outcome, independent of treatment with temozolomide-the most widely used standard therapy [30] . This aspect of our findings deserves emphasis, due to its potentially significant implications for therapeutics development. These results support the need for future preclinical studies, such as protein measurements by immunohistochemistry, cell cultures to address selective pressures, and mouse experiments. Such experiments may further support the hypothesis that aggressiveness of gliomas is related to up-regulation of these enzymes. Our laboratory has shown that ASNase may potentiate the cytotoxic effect of chemotherapy against brain tumors, and that ASNase-resistant glioblastoma cells had elevated levels of ASNS mRNA [6] . Future efforts may also be directed to analyzing amino acid metabolism in the context of signaling pathway heterogeneity. For example, the association between the PI3 K/mTOR pathway and amino acid metabolism is being elucidated [12, 31] . EGFR mutated versus wild type GBMs appear to exhibit variable activation of this pathway [32] . Thus, one may hypothesize occurrence of distinct amino acid metabolism patterns for EGFR mutated versus wild type GBMs.
As part of preliminary efforts to address amino acid metabolism in 4 TCGA subtypes of GBMs, we examined expression of ASNS, BCAT1, and GLS by use of the R2: Genomics Analysis and Visualization Platform dataset (http://r2.amc.nl) [33] . ASNS and GLS have comparable expression levels throughout all 4 TCGA subtypes, whereas BCAT1 expression appears higher in classical and mesenchymal subtypes (Supplementary material, Fig. S5 ). This observation is compatible with wild type IDH in classical and mesenchymal subtypes. Wild type IDH has been shown to be associated with BCAT1-promoting GBM cell proliferation [10] .
Only 54 % of samples had IDH testing done due to the sample limitations. However, analysis of the 35 patients with new GBM and confirmed wild type IDH also shows better survival for tumors with low enzyme expression levels, compared to high levels of ASNS, GLS, and/or BCAT1 (Supplementary material, Fig. S2 ). These findings tend to support an association between nitrogen metabolizing enzymes and survival in most of the GBMs, which are mainly IDH WT . In conclusion, these findings support an emerging need for testing novel adjuvant strategies that target various aspects of amino acid metabolism in GBM-such as BCAT1 or GLS inhibition or asparagine metabolism. Some of these inhibitors are already in pre-clinical testing [34] , and manipulation of asparagine metabolism has been established as a vital part of treatment for acute lymphoblastic leukemia [28] .
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